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Monte-Carlo sensitivity study for sterile neutrino search with 144Ce – 144Pr source and
liquid scintillation detectors of various geometries
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Expected energy spectra calculations for large volume liquid scintillation detectors to inverse
β-decay for antineutrinos produced by 144Ce – 144Pr artificial source have been performed. The
calculations were carried out through Monte-Carlo method within GEANT4.10 framework and were
purposed to search for neutrino oscillation to sterile eigenstate with mass about 1 eV. The analysis
of relative sensitivity to oscillation parameters for different detector shapes has been performed.
I. INTRODUCTION
The solar neutrinos were first registered by Homestake
River experiment [1] in the beginning of 1970s. When
the first results had been obtained, it appeared that the
solar neutrino flux is significantly smaller than it was ex-
pected from the solar model. This fact has initiated a
new challenge for the solution of so-called Solar Neutrino
Problem that was later solved with the theory of neutrino
oscillations [2–6]. Experimental verification of this the-
ory involved reactor [7], radiochemical [8, 9] and water
Cˇherenkov [10, 11] neutrino experiments that had dis-
covered neutrino oscillation to non-electron flavors. At
the same time, it was observed that at small distances
there is a deficit of electron neutrinos [12–14], although
statistical significance of this deficit is relatively small.
The existence of another neutrino eigenstate with mass
around 1 eV could possibly explain this observation.
In this case the neutrino deficit at small values L/Eν
would have been explained by neutrino oscillation to this
state. Such state has to be sterile since the number of
neutrino flavors is fixed to 3 according to experiments on
Z-boson decay width [15]. A possibility of new Beyond
Standard Model (BSM) physics existence in the neutrino
sector is a very strong motivation for sterile neutrino
search. A reactor experiment would be an essential mean
of performing this search, although the involvement of a
nuclear reactor would introduce significant systematics,
which are difficult to control.
An experiment using a radiochemical neutrino source
would produce more reliable results despite much smaller
achievable statistics, thus it makes sense to perform a
source-based sterile neutrino search in parallel with re-
actor experiments. Here, we study a possibility of sterile
neutrino search with the antineutrino source of 144Ce –
144Pr, which is quite promising due to high endpoint
energy of 144Pr ground state beta-transition and possi-
bility of strong background suppression due to inverse
beta-decay(IBD) reaction signature in liquid scintilla-
tors. Unfortunately, two excellent proposed and ad-
vanced projects using large volume liquid scintillator de-
tectors BOREXINO [16] and KamLAND [17] have not
been implemented.
II. OPTIONS FOR SOURCE-BASED STERILE
NEUTRINO SEARCH
The most frequently used antineutrino detection mech-
anism is the inverse beta decay reaction on hydrogen nu-
clei. It allowed F.Reynes and C.Cowan to discover neutri-
nos in the first place back in 1956 [18], and it still remains
one of the most advantageous reactions for antineutrino
detection nowadays.
In this process the antineutrino is captured on a proton
with consequent production of a neutron and a positron
that gets the most of the initial kinetic energy due to its
much smaller mass. The main advantage of this reaction
is production of a neutron that is captured after ther-
malization that takes around 200 µs in absence of neu-
tron capturer (e.g. Gadolinium). The neutron capture
on a nucleus results in a deexcitation gamma-quantum
emission that could be detected. Thus, one observes a
prompt signal from the positron detection and a delayed
signal from the gamma-emission having a clear signature
of an antineutrino detection. Such feature of this reac-
tion allows to strongly decrease the background In a large
number of cases an anti-neutrino experiment using IBD
manages to operate in zero-background mode.
Since the reaction of 144Pr beta-decay has the end-
point energy of 3 MeV, the maximum positron energy
is ≈ 1.2 MeV the total energy deposit in the detector
would spread from 2 ×m0c
2 to ≈ 2.2 MeV. This limits
the detector choice options to radiochemical detectors
and organic scintillators as water Cˇerenkov detectors can
not efficiently detect such low-energy particles. Organic
scintillators have the advantage of online DAQ and en-
ergy and position reconstruction that make the scintilla-
tor option choice quite essential.
In this work we have performed a study of possibili-
ties to search for neutrino oscillation to sterile eigenstate
with 144Ce – 144Pr antineutrino source and various detec-
tor geometries in order to establish the optimal one. As
for the purpose of fair comparison we have considered the
same size of the laboratory hall and thus the same linear
dimensions of the setup of 6 m. We have performed a test
of sensitivity to neutrino oscillation to sterile eigenstate
for the following detector geometries: cylinder, sphere
and a cube with linear sizes of 6 m as well as an existent
2detector implementation, Baksan Neutrino Observatory
(BNO) [19]. BNO is a scintillator detector located in
a gallery with volume of 12000 m3 in 550 m from the
entrance with passive shielding thickness of 850 m.w.e.
It is shaped as a 4-stage building with basement of 16.7
x 16.7 m2 and height of 11.1 m., see fig.1. The setup
is constructed of low-radioactivity concrete and is fitted
with 3180 small white-spirit scintillator tanks with total
scintillator mass of 330 tons. This setup has the advan-
tage of 4pi geometry since the source could be located
in the center of the detector but it has relatively small
sensitive volume thickness along antineutrino trajectory.
The actual setup in the current state would suffer from
relatively high threshold ( 8 MeV) and inability to record
individual detector signals, but in this work we neglect
this fact since our interest is to test the maximum achiev-
able sensitivity with any detector upgrade possible (up
to zero energy threshold for IBD).
Since various liquid scintillators have practically same
hydrogen density in order to make a test on the detector
geometry only, it was decided to make the evaluation
for the same scintillating liquid, the one named ”White-
spirit” also known as solvent naphtha, petroleum spirits,
Varsol. This is organic mixture of aliphatic, open-chain
or alicyclic C7 to C12 hydrocarbons. This scintillator is
already used in the BNO detector.
FIG. 1. Principal scheme of Baksan Neutrino Observatory
detector. The right picture shows the general construction
of the detector array, consisting of 3180 liquid scintillation
(LS) detectors with 330 t total mass. The left picture shows
the principal scheme of the LS detector, equipped with a sin-
gle PMT-49 [20].(figures are taken from Baksan Laboratory
website [20])
III. SIMULATION AND SENSITIVITY STUDY
The sensitivity test of the scintillator detectors
has been performed via Monte-Carlo method simu-
lation within a custom-developed software based on
Geant4.10.04 framework. We were considering the IBD
cross section according to [21]. The calculation of elec-
tron antineutrino spectrum taking into account the cor-
rections for beta-electron interactions with nucleus and
atomic shell were based on work [22]. New precision mea-
surements of 144Ce–144Pr beta-spectrum are taken now
in order to determine the antineutrino energy spectrum
[23]. Hydrogen atom density for the scintillator used was
taken as 6.77 ×1022 cm−3. We made a simplification of
zero source size that is not very important for the result
due to spatial resolution of the detectors. Moreover, we
neglected the effect of gamma-quantum escape from the
scintillator, that could play some minor role in the case
of BNO geometry. The simulation output is the antineu-
trino spectrum S(E,R), where E is prompt event energy
deposit and R is the distance from the source location.
The spacial and energy resolutions are taken as 13 cm
and 5% at 1 MeV of energy deposit and are scaled as the
square root of Epromt/1MeV. In case of BNO detector
array we assume only knowledge of the exact tank where
antineutrino is registered and no spatial resolution within
its volume.
The sensitivity estimate of an experiment was per-
formed for the source statistics corresponding to 1.5 years
of exposure with a 144Ce–144Pr source with activity of
100 kCi and zero-background operation regime. The
source was located in 2 m from the detector sensitive vol-
ume assuming presence of 2 m thick layer of water that
plays a role of passive shielding for external neutrons and
gamma-radiation. The BNO detector is tested with 50
kCi source that is currently available.
FIG. 2. Maximal theoretical sensitivity to sterile neutrino
oscillation parameters at 90% C.L.: 1 - spherical detector (90
t), 2 - Baksan neutrino observatory (330 t), 3 - cylindrical
detector (135 t) , 4 - cubic detector (172 t). The bold lines
and the star show reactor neutrino anomaly parameters re-
gion at 95% and 99% C.L. and the best-fit value (star). The
dash-dotted lines illustrate the width of statistical jitter of
a single experimental realization sensitivity curve within 1σ.
The region is covered only partially for the current BNO ex-
periment configuration and currently available 50 kCi 144Ce
source. Increase of experimental statistics allows to fully cover
reactor anomaly region at 95% C.L. for cubic and cylindrical
geometries that show similar performance.
The statistical test was based on maximum likelihood
approach with the binned Poisson likelihood in form
of ”effective χ2” computed on antineutrino spectrum
3S(E,R):
−log(L) =
∑
Ei,Rj
1
2
× (λ+ logΓ(K + 1)− log(λ)K),
where λ is the ”theoretical” spectrum derived from
Monte-Carlo simulation with statistics corresponding to
5 MCi by multiplication to neutrino survival probability
for given ∆m14 and sin
2(2θ14) and scaled down by a sta-
tistical factor and K is the result of Monte-Carlo simula-
tion with ”experimental” statistics corresponding to 100
(50) kCi source. The sum is performed over the binned
antineutrino spectrum S(Ei, Rj). The survival probabil-
ity is taken as two-neutrino approximation as the sterile
eigenstate is expected to be much heavier than the known
neutrinos [24]:
F (E,R) = 1− sin2(2θ14)sin
2(1.27∆m214[eV ]
R[m]
E[MeV ]
)
where ∆m2
14
is the difference of mass squares for ster-
ile and active neutrinos, θ14 is the mixing angle, R is the
distance between the source and registration point and E
is the antineutrino kinetic energy. The sensitivity limits
were obtained from the likelihood function profile built
for various values of ∆m214 and mixing. The operation
was performed for 100 realizations of test statistics, that
were used for understanding of possible statistical varia-
tions of the experiment sensitivity.
The results of the study are shown on fig. 2. The figure
shows that the BNO detector has the best sensitivity to
low values of ∆m214, while the cubic and cylindrical ge-
ometries show practically equal sensitivity exceeding re-
sults of the spherical detector geometry. Since the cylin-
drical geometry has the advantage of the lowest mass and
easier constructive availability, it seems to be the optimal
option among the ones tested.
Since many parameters and characteristics of the fu-
ture experiment are determined by the full mass of the
scintillator, we checked the sensitivity of the detectors of
the three above-mentioned shapes with the same mass
of the scintillator. Such a comparison is shown in fig. 3.
Again, the cylindrical shape of the detector provides bet-
ter sensitivity to oscillation parameters.
It appears that the activity and geometrical limits
we considered allow to cover the reactor antineutrino
anomaly region. The same time the BNO detector with
50 kCi source does not have enough sensitivity to perform
the test of this anomaly.
Full coverage of this region at 90 % C.L. could be
achieved with the considered activity and detector mass
(e.g. to 100 t and 100 kCi) and solid angle with respect
to the source in case of availability of zero-background
regime. One should note that increase of the detector lin-
ear size influences sensitivity on ∆m14, while sensitivity
on mixing comes mostly from the experiment statistics,
limited by the detector volume and source activity. The
optimal setup parameters will be refined in further in-
vestigations. The further investigations will also include
FIG. 3. The same as in fig. 2, but the detectors in the form of
a sphere, cylinder and cube have the same mass of 100 tons: 1
- spherical detector (100 t), 2 - Baksan neutrino observatory
(330 t), 3 - cylindrical detector (100 t) , 4 - cubic detector
(100 t).
consideration of the detector backgrounds coming from
natural radioactivity and the 144Ce - 144Pr source.
IV. CONCLUSIONS
A sensitivity study for sterile neutrino oscillation pa-
rameters with various detector geometries has been per-
formed. The sensitivity to sterile neutrino mixing angle
for neutrino mass above 0.2 eV is around sin2(2θ14) <
0.03. It was found out that the linear detector sizes of 6 m
combined with 100 kCi source provide enough sensitivity
to fully cover reactor neutrino anomaly region. The op-
timal detector geometry is chosen to be cylindrical. The
optimal parameters of the setup, e.g. length to diameter
ratio, could be refined with usage of the software devel-
oped. This will be done in the further investigations.
This means that satisfactory sensitivity to neutrino os-
cillation to sterile eigenstate with 1 eV mass could be
achieved only in case the statistics studied, namely with
100 kCi 144Ce - 144Pr source and detector with linear
dimensions of 6 m.
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